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Limiting climate heating while meeting basic needs for all necessitates large-scale deployment of renewable 
energy. Understanding the dynamics of mobilizing materials for the transition requires considering: 1) 
availability of resources in the environment and technosphere; 2) accessibility depending on resource quality and 
available technologies; 3) processability depending on energy availability, processing capacity, and impacts on 
planetary boundaries; and 4) operability depending on social acceptance and geopolitical agreements. Materials 
can be mobilized through four routes: 1) increasing primary production; 2) diverting existing primary production; 
3) repurposing in-use stocks; and 4) re-mining wastes and emissions. The interplay of these enabling factors, 
material efficiency in design, and substitution with materials that are easier to mobilize determines the maximum 
possible rate of material mobilization and consequently the energy transition itself. This paper presents and 
discusses a framework to explore joint energy-material transformations, enabling to consider material aspects in 
transition modelling and guide technological developments.
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 Introduction

Decades of delays in climate action reduced safe carbon budgets 
r the energy transitions. With every delay, increasingly fast energy 
ansition pathways are required to stand a chance of limiting over-
oot over 1.5 ◦C or even staying below 2 ◦C (IRENA, 2022; United 
ations Environment Programme, 2022; IPCC, 2023), preventing a 
imate catastrophe while avoiding energy and food scarcities (IPCC, 
21, 2022; Mooney et al., 2022). Achieving such a transformation re-
ires investing energy and materials for building renewable energy 
E) infrastructure, which will have to succeed the current fossil-based 
ergy system at a much faster rate than is commonly projected (Desing 
d Widmer, 2021).

Corresponding author.
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Traditionally, transition pathways are designed by using integrated 
assessment models (IAMs), which are based on economic transactions 
and the assumption of (partial) economic equilibrium in each time 
interval (typically 5 a or 10 a). As there are less than six years left 
before crossing 1.5 ◦C with 50% probability1, transition models that 
allow modelling a fast dynamic change (i. e., a system not in equilib-
rium) become necessary. Minimizing climate risks—necessary for both 
staying below or limiting overshoot above 1.5 ◦C —requires to priori-
tize minimizing cumulative CO2 emissions (Desing and Widmer, 2021). 
Furthermore, IAMs are usually “energy blind” because they disregard 
the energy investments needed to build the new RE infrastructure 
(Capellán-Pérez et al., 2020; Desing and Widmer, 2021; Hagens, 2020; 
Sgouridis et al., 2016; Hache et al., 2019; Andrieu et al., 2022). When 
modelling slow and gradual transitions over the time scale of decades, 
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ergy investments are insignificant. However, given the urgency of cli-
ate action, energy investments need to be much larger (Slamersak et 
., 2022; Desing and Widmer, 2021) and this feedback loop needs to be 
ken into account. For example, a transition within a decade may be 
ysically feasible, if fossil energy output is increased at the beginning 
 the decade to provide extra energy for kick-starting RE growth (and 
ing so minimizes cumulative GHG emissions) (Desing et al., 2022). 
fter the initial fast transition is complete, the infrastructure has to be 
placed repeatedly, necessitating additional capacity in the RE system 
esing et al., 2022). Besides that, the economic foundation of IAMs is 
creasingly challenged, as they tend to underestimate or even neglect 
ture risks, damages and uncertainty (Stern et al., 2022; Anderson, 
19).
Moreover, transition models (including IAMs and others) usually 
sregard the physical requirements of materials (Pauliuk et al., 2017; 
ang et al., 2022; Le Boulzec et al., 2023), the dynamics of mobiliza-
n, as well as social implications. Studies on raw material demand 
duced by the energy transition take pathways as exogenous inputs, 
d usually analyse the cumulative demand for selected time periods 
ly, e. g., up to 2050 or 2100 (Kullmann et al., 2021; UBA, 2019; 
sser, 2019; Zepf et al., 2014; IRENA, 2022; World Bank, 2020; de Kon-
g et al., 2018; Moreau et al., 2019; Zhang et al., 2023; Rinaldi et al., 
23; Xu et al., 2022; Kalt et al., 2022; Wang et al., 2023; IEA, 2023; 
ergy Transitions Commission, 2023). As with energy, material invest-
ents for building RE infrastructure can have a critical influence on the 
namics of the transition. If materials cannot be mobilized, the transi-
n will slow down or even come to a halt. Reciprocally, the speed and 
tent of material mobilization has an influence on the energy demand 
r building RE infrastructure. Changing energy investments, measured 
 Energy Return on Energy Invested (EROI) or Energy Pay Back Time 
PBT) (Murphy et al., 2022), influence the dynamics of the transition. 
ese interrelations are neither well understood nor explored in current 
odels. This is also true for the United Nations Framework Classifica-
n for Resources (UNFC), a tool to communicate the availability of 
sources and the maturity level of resource development projects (UN-
E, 2020, 2022). UNFC considers controlling factors for the viability 
 mining and recovery projects, but does not consider the complex 
namic relationships between energy and materials. The dynamics of 
imary mineral resource markets and their physical/geological lim-
 are commonly neglected, while inflow of recycled resources based 
 previous product sales and global recycling rates are sometimes 
cluded (Vidal, 2018; IEA, 2021; Carrara et al., 2023). Additionally, 
ssil infrastructure will become obsolete during the transition, how-
er, the extent to which this can contribute to the transition has been 
latively little explored (Le Boulzec et al., 2022).
Consequently, there is a need for new modelling approaches that are 
oted in the laws of physics, including essential feedback loops in the 
namic system, and integrating knowledge from geology, mineralogy, 
d materials processing. Building new RE infrastructure requires ma-
rials, and the mobilization of materials requires energy. This paper 
tlines a conceptual framework for exploring the physical dynamics of 
int energy-material transformations. The purpose of the framework is 
 analyse from where, at which energetic costs, and when materials can 
 mobilized, ultimately enabling or limiting a rapid energy transition. 
aterials can originate from the lithosphere, biosphere, atmosphere, 
d hydrosphere. They can be either directly extracted as primary ma-
rials from the environment or retrieved as secondary materials from 
e technosphere. Here, the focus is on physical, chemical, biological, 
d geological factors determining quantities, timeliness and energy 
eded for material mobilization, which can be regarded as the “size of 
e valve” representing the mobilization potential: e. g., concentration, 
emical bonds, mineralogy, or planetary boundaries (Richardson et 
., 2023). Societal factors—such as economics, policies, acceptance—
termine the fraction of this potential that may be realized, the “hand 
 the valve”. But they cannot increase the potential itself. Derived 
2

om the presented framework, this paper outlines research directions ac
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 quantify and explore material mobilization dynamics and the inter-
nnections between materials and energy.

 Material mobilization framework

Building the required RE infrastructure implies building up a signifi-
nt stock of materials during the transformation (Fig. 1), which neces-
tates to transform and expand the current socio-economic metabolism. 
ciety currently extracts primary materials from the environment, ac-
mulates them in societal stocks (e. g., buildings, IT equipment, or car 
ets), and recycles some of its waste. Most of the outflow accumulates 
 losses in the technosphere (e. g., landfills, mining wastes) and the en-
ronment (e. g., emissions, pollution) (Circle Economy, 2021; Ciacci et 
., 2015). For most materials, global stocks in society are still grow-
g, as their inflows are larger than their outflows (Krausmann et al., 
18). Only a small fraction of outflows is currently circulated in a 
ay that retains functions (e. g., through reuse, remanufacture, recy-
ing (Desing et al., 2020b; Circle Economy, 2020)). Even when circular 
onomy and recycling strategies are implemented, these often lead 
 losses in material quality (downcycling) (Cullen, 2017) and accu-
ulation of impurities (Lovik et al., 2014). Besides, recycling tends to 
cus on increasing recycled content and recycling rates, especially of 
e-consumer scrap (i. e.,manufacturing losses). This type of material 
 generally easier to recycle but ultimately addresses an inefficiency of 
e system that should be minimized, not encouraged. Recycling of post-
nsumer scrap is important to maintain existing stocks without using 
ore primary resources, but is only available with a delay and cannot 
ntribute to the initial build-up of the stocks. Moreover, the complexity 
 materials used in technologies has increased significantly—requiring 
ost of the elements of the periodic table (Zepf et al., 2014)—, which 
sults in growing challenges not only to recycle all elements, but also 
 retain their functions (Graedel and Miatto, 2022; Desing and Blum, 
23).
The speed of the transition will depend on the flows of materials that 
n be mobilized, which in turn require energy from the current fossil 
d future RE systems (Fig. 2). Enabling factors for material mobiliza-
n can be categorized on multiple levels, which will be explained in 
e following subsections: availability of source stocks, technical acces-
bility of these stocks for extraction, processability of material flows 
ring production, as well as operability for making materials flow. 
e latter refers to factors in distribution and operation, which includes 
pects commonly referred to as criticality (Schrijvers et al., 2020; 
enzel et al., 2017)—i. e., supply chain vulnerability and geo-political 
sks—and additionally business models, markets, trade, as well as so-
al acceptance. Here we focus on the bio-physically enabling factors 
 material mobilization, i. e., availability, (technical) accessibility and 
ocessability.

1. Availability and accessibility of source stocks

The first question is: are there enough materials available and acces-
ble to build the needed RE stocks? Materials can be mobilized from 
thropogenic and environmental source stocks. Availability describes 
e knowledge of location—Where are materials?—and quantity—How 
uch is there?—of material stocks and is the prerequisite for making 
em accessible. Determining the accessibility requires to analyse the 
ality of these available stocks. A stock is only accessible, if suitable 
traction technologies exist and when it is not vital to maintain Earth 
stem functions. For example, technologies to extract scandium from 
astes are still under development (Chernoburova and Chagnes, 2021; 
oppert et al., 2022), leaving it inaccessible for the moment. Or, cur-
nt biomass stocks in natural ecosystems will have to be maintained or 
en increased for stabilizing vital ecosystem functions (IPBES, 2019; 
effen et al., 2015) and are thus accessible only to the extent of what 
n grow beyond ecosystem needs. Additionally, stocks are more or less 

cessible depending on factors determining the efforts for extraction. 
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Fig. 1. Schematic representation of energy and material flows in the Material Mobilization Framework: dark blue flows in bottom part of figure depict current 
material flows from primary production out of environmental resources, through in-use stocks, which are to a small degree maintained by recycling, to cumulated 
losses. This metabolism is currently predominantly powered by fossil energy, itself consisting of in-use stocks (fossil infrastructure) and primary extraction (i. e., coal, 
oil and gas) leading to losses (i. e., emissions). To replace fossil energy with renewable energy (RE), new RE stocks have to be built. Four strategies can be applied 
for building RE (light blue): increase primary production, divert currently existing primary production by reducing material demand by society (e. g., by increased 
recycling), repurpose existing in-use stocks (e. g., obsolete fossil infrastructure), and remine cumulated losses (e. g., from landfills, tailings, emissions). Additionally, 
the redesign of RE components can help to reduce the demand for materials (material efficiency) and substitute with materials that are easier to mobilize. Recycling 
and losses of RE stocks will only come into effect once the first RE stocks reach their end-of-life (dashed blue arrows). Building RE stocks requires energy for 
mobilizing materials (yellow arrows), which has to be supplied by both fossil energy and RE, in addition to the demand from society (red arrows).
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g. 2. Overview of enabling factors for mobilization (left) and their re-
tion to the energy-material feedback loop (right): Building renewable 
ergy (RE) infrastructure requires materials (blue), and mobilizing materials 
quires energy (yellow). The availability of source stocks in the environment 
d technosphere is limited, and the accessibility of these stocks depends on 
 quality and available technologies. Processability describes where from and 
w fast materials can be mobilized, which depends on the availability of 
ergy, processing capacities, and environmental impacts on planetary bound-
ies. The operability, describing societal factors for actually making materials 
w (geo-political relations, economics, organisational capacities, social accep-
nce), further limit material mobilization.

e energy costs for extraction depend mainly on the concentration 
. e., ore grade of minerals, atmospheric CO2 concentration), but also 
 factors such as location (e. g., under water or land, depth below sur-
ce, remoteness), geometry (e. g., grain size and distribution in host 
ck), or binding energy of chemical compounds.
Anthropogenic stocks—such as currently in use, “hibernating”, or 
cumulating as wastes and emissions (Dewulf et al., 2021)—already 
ntain large quantities of materials (Elhacham et al., 2020; UNEP and 
ternational Resource Panel, 2010; Wang et al., 2018; Wiedenhofer et 
., 2021). Using secondary materials will need to take into account the 
ality of recycled materials obtained (Tonini et al., 2022), as well as 
e quantity and timing of released material flows (Streeck et al., 2021). 
purposing in-use stocks—such as materials contained in fossil infras-
ucture and related to luxury consumption—can, at most, provide as 
uch material as is contained in society today. How much of it can be 
obilized in practice depends on societal decisions discerning essen-
3

l from superfluous consumption, which is a question of operability. qu
en if the availability (location, quantity) and composition of these 
ocks are known with sufficient detail, they will only become accessible 
hen released from previous use—for example, when fossil equipment 
comes obsolete or consumption is reduced. Losses can be dissipa-
e (i. e., unrecoverable, not accessible) or recoverable with current 
chnologies. New technologies can make some of today’s dissipated 
sses accessible (Beylot et al., 2020; Ciacci et al., 2015). For example 
 Europe, the location of mining wastes is more or less well known 
t knowledge on stored volumes and the characteristics of wastes—
mposition, mineralogy and total quantities—is partial and often does 
t cover the presence of critical metals (Šajn et al., 2022; Žibret et al., 
20). Furthermore, valuable elements in mining wastes have so far not 
en extracted due to inferior quality, lack of markets (e. g., Nd or Co 
ere hardly in demand in the past) or suitable technologies. Making 
em accessible may thus require developing new technologies.
Additionally, materials are contained in environmental stocks in 
hosphere, biosphere, hydrosphere, and atmosphere. Most of these 
ocks are dispersed at extremely low concentrations, a characteristic 
at makes extraction unfeasible, such as for Au or Li dissolved in sea-
ater. The only minerals extracted from seawater today are the few 
ghly concentrated ones (Na, Mg, K, Ca, and Cl). The extraction of ura-
um from seawater has been much discussed, but so far, there are no 
mmercial applications able to produce it at reasonable prices (Bardi, 
10). Exploration can increase availability of known resources for 
inerals in the lithosphere, while changing economics and improved 
chnologies determine how much of these known resources are mine-
le reserves, which is an aspect of operability. Exploration is not only 
 increasingly energy- and cost-intensive endeavour, it also involves 
gh uncertainties. It is estimated that only one out of 1000 exploration 
tes will be able to be developed as an economically profitable mine 
andhi and Sarkar, 2016). It is also a question of time, as it takes 
rrently around 17 years from resource discovery to exploitation (Gar-
de, 2022). For instance, it has been argued that Li is likely to remain 
limiting factor in the transition, mainly because of the time delay for 
ening new mines (McNeil, 2022).
Even though there are likely enough materials for the energy transi-
n in the anthroposphere and the environment as a whole (Kesler and 
ilkinson, 2008; Henckens et al., 2014), knowledge regarding location, 

antity and quality is limited or scattered. Availability and accessibil-
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 are dynamic and change with the state of knowledge, technological 
velopments and state of depletion of source stocks. Gathering the nec-
sary data and developing new technologies for making these stocks 
cessible represents a time delay for mobilizing materials.
Comparing yet-to-be-built stocks with potential source stocks may 
veal needs to re-design RE infrastructure if materials are not avail-
le and accessible in sufficient quantities. To illustrate: if every person 
t of the expected ten billion people in 2100 (UN, 2022) should have 
cess to 2000W (2000 W Society, 2019)—roughly twice the annual 
erage power demand per person today—it would require a RE capac-
 of 20TW. Using a simplistic back-of-the-envelope calculation (see 
pplementary Materials (SM)) and keeping current RE (about 1TW) 
nstant, it can be estimated that the additional RE capacity could the-
etically be provided by solar PV on the already built environment 
one, not needing any further land conversion and associated biodiver-
ty impacts (Desing et al., 2019). Leaving the material requirements 
r energy storage, distribution, and other RE technologies aside, build-
g additional 19TW of PV output capacity (corresponding to roughly 
5TW peak capacity, which is in between the estimates for 80TW 
 2050 (Haegel et al., 2023) and up to 200TW by 2100 (Keiner et 
., 2023; Goldschmidt et al., 2021)) with currently available technolo-
es (Frischknecht et al., 2020; Müller et al., 2021) without continuous 
provements would require at least 8.8Gt of materials (see SM). For 
me of these materials, the new stocks would be equal or higher than 
rrently existing in-use stocks. One example is Ag used as current col-
ctor in Si solar PV cells (Zhang et al., 2021; Piano et al., 2019; Victoria 
 al., 2021). It has been widely recognised that, if current utilization 
tes remained unchanged, Ag availability would be critical for upscal-
g PV to multi-TW scale. In fact, efforts are under way to reduce the 
mand of Ag by design (Zhang et al., 2021; Victoria et al., 2021) or 
oid it through substitution, e. g.,with graphene (Zang et al., 2018), 
l, or Cu (Grübel et al., 2021; Haegel et al., 2023). Promising are also 
rovskite and Si-perovskite tandem cells (Tockhorn et al., 2022; Tian 
 al., 2020), as they allow for higher efficiencies, but they still have to 
ercome significant development challenges (Fu and Jen, 2023; Sha-
n, 2020). Furthermore, they currently use significant amounts of In, 
 and Br, which are critical for upscaling perovskite PV technologies 
agner et al., under review). Similarly, thin film PV technologies—
ch as CdTe—are advantageous in terms of embodied energy (Wikoff 
 al., 2022), however, they require specialty metals—e. g., Cd, Te—and 
aling them to multi-TW scale could potentially exceed current avail-
ility by orders of magnitude. Consequently, these technologies may 
ly play a minor role in the transition unless the demand for these 
ements can be cut substantially and/or availability and accessibility 
creased rapidly. A careful assessment of the required material stocks 
ill be key in revealing the needs for reducing the material intensity 
 RE technologies; and, if such reduction were found to be not fea-
ble, the assessment could possibly indicate that the maximum size 
 the overall RE system would be smaller. Furthermore, if material 
mand exceeds available source stocks, there is need for increasing 
ailability for example through exploration. Ultimately, based on such 
sessments, the portfolio of RE technologies can be optimized accord-
g to the availability and accessibility of materials.

2. Processability: mobilizing flows

The second question regards the material flows needed to build RE 
frastructure, which are to be extracted and processed from accessible 
urce stocks. The processability describes where from and how fast ma-
rials can be mobilized. It is determined by available energy to build 
d operate processing facilities (Fig. 2) and constrained by environ-
ental impacts caused on planetary boundaries (Desing et al., 2020a).
For filling RE stocks for the first time, materials can be mobilized 
rough four distinct routes (Fig. 1), which are listed and briefly dis-
4

ssed below: liz
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• Increase primary production: e. g., by upscaling output from exist-
ing extraction facilities as well as developing new extraction routes 
from the environment;

• Divert current primary production: by reducing demand from the 
rest of the economy during the transition, i. e.,maintaining exist-
ing in-use stocks with less primary input by increasing residence 
time (Charpentier Poncelet et al., 2022) and reducing final losses 
through circular strategies (Desing et al., 2020b, 2021);

• Repurpose existing stocks: reducing in-use stocks and using its 
materials to build RE stocks, in particular from obsolete fossil in-
frastructure, reduced consumption, and “hibernating” stocks;

• Remine: extraction from losses, such as mine tailings (Adrianto 
and Pfister, 2022), landfills (Lucas et al., 2019), desalination brines 
(Lundaev et al., 2022), or past emissions (Desing, 2022).

ere is no predefined hierarchy of these different routes, which neces-
tates optimizing material mobilization according to multiple criteria: 
ch of these routes has implication on the energy demand for the 
ansformation as well as the scale and dynamics of mobilized material 
ws. They also cause impacts on planetary boundaries and generate 
cial benefits or adverse social impacts. Building new mining, process-
g, recycling and production capacities takes time and energy, which 
timately limits the rate of change (i. e., slew rate limits: restriction 
 how fast flows can change). Energy demand for material mobiliza-
n depends on the size and routes of mobilized flows, which in turn 
termine the maximum possible speed of the transition (Desing et 
., 2022). In addition, energy intensity can be reduced with techno-
gical developments for extraction and processing. For example, non-
ological extraction of CO2 from the atmosphere requires direct air 
pture (DAC) technologies (Desing, 2022; Climeworks, 2022), which 
ere only developed recently (outside niche applications in space crafts 
d submarines), and are still energy intensive. Technological improve-
ents have the potential to reduce energy demand for DAC signifi-
ntly, though. In more general terms, the availability of surplus net 
ergy (i. e., energy not simply required to maintain the status quo) is 
itical to the achievable speed of mobilizing materials and building 
w RE infrastructure (Desing and Widmer, 2021).
Furthermore, environmental impacts on Earth system boundaries re-

rict the mobilization of materials (Desing et al., 2020a; Lebre et al., 
20). A fast increase in production may result in higher environmental 
pacts, as in the example of Ni (Young, 2021; Schenker et al., 2022a). 
odiversity conservation targets or boundaries for water consumption, 
r example, may limit the processable material flow (Desing et al., 
20a). Another example is biomass: the global potential of appropri-
le bio-based material flows (Haberl et al., 2007; Krausmann et al., 
13; Creutzig et al., 2015) for sustainable agriculture (Willett et al., 
19; Gerten et al., 2020) and forest management (O’Brien, 2015) is 
ited by land, nutrients, and water boundaries. Because feeding the 

ill growing world population (UN, 2022) within planetary boundaries 
 a challenge (Gerten et al., 2020), bio-based material flows are limited, 
t may—whenever not in conflict with planetary boundaries—utilize 
avoidable food waste, agricultural residues not needed for regenerat-
g soils, and sustainable forest management. Such materials may, for 
ample, be used for thermal insulation contributing to the transition 
 reducing heating and cooling demand (Wernery, 2023).
Increasing circularity in society can help to maintain current in-use 

ocks with less primary input, allowing to divert existing primary pro-
ction for building RE stocks. While reducing final consumption and 
use can make more energy available for mobilizing materials, up-
aling recycling may increase energy demand through the increased 
orts for collection, sorting and purification (Schäfer, 2021; Schmidt, 
21; Baum, 2018). During the transition, parts of the current fossil 
frastructure—primarily composed of steel, Al, Cu, and concrete (Le 
ulzec et al., 2022)—gets replaced and becomes obsolete. Similarly, 
aterials can become liberated when reducing consumption and mobi-

ing “hibernating” materials, such as unused pipings or mobile phones. 
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ese materials can be repurposed for RE infrastructure when they be-
me accessible. Energy demand for repurposing depends on the efforts 
r purification and processing.
Increasing the output of existing mines and processing facilities 
uld be relatively quick, but it is limited by the capacity of exist-
g infrastructure. Expanding extraction and processing infrastructure 
d thus further increasing primary production requires more time. The 
ean time between discovery and production of a new mine is found to 
 17 years (International Energy Agency, 2021), and 20 years for min-
als necessary for electrifying mobility (Petavratzi and Gunn, 2022). 
oreover, it will also require more energy, affect local communities 
wen et al., 2022; Lebre et al., 2020), and cause additional environ-
ental impacts—e. g., on biodiversity (IRP, 2019), or water resources 
chomberg et al., 2021). Increasing the primary activity is not only 
 onshore question, deep-sea mineral resources have been known for 
long time but have been the subject of renewed interest in recent 
ars. Presently, efforts are done to explore deep-sea resources such as 
lymetallic nodules with some related works assessing associated en-
ronmental risks (Amon et al., 2022; Levin et al., 2020; Alvarenga et 
., 2022). Exploiting mineral reserves from the ocean floor carries with 
a lot of unknown impacts, as the regions in discussion are vast and 
e ecosystems in place are poorly understood (Levin et al., 2020; Hein 
 al., 2020). Yet, increasing primary production will be inevitable for 
me materials, because of the different material composition of RE in-
astructure in comparison to the current socio-economic metabolism 
etavratzi and Gunn, 2022). The energy demand for mobilizing mate-
als will change non-linearly with material flows. Declining ore grades 
nd to increase energy demand in an inversely proportional way (Kop-
laar and Koppelaar, 2016; Calvo et al., 2016; Magdalena et al., 2021; 
orthey et al., 2014), while learning effects from scaling production 
d improved technologies may reduce it (Schmidt, 2021). Given the 
ed to accelerate the energy transition, it remains an open question 
w quickly learning can be realised (Desing and Widmer, 2022; Graf-
röm and Poudineh, 2021). Additionally, energy demand of mining 
pends on accessibility factors, such as mineralogy, geometry of the 
e body, depth of the deposit, or remoteness of the mine site (Frenzel 
 al., 2017). Differences in extraction technologies strongly influence 
ergy and water demand, as shown for example for lithium mining 
chenker et al., 2022b). Many metals necessary for the RE infrastruc-
re are currently mined and processed as co-products in bulk material 
oduction (e. g., Co with Cu, In with Zn or Pb) (Reuter et al., 2018). 
creasing the output of the target mineral may, in these cases, require 
ther upscaling the production of the host metal, or developing new 
traction routes.
The energy demand for remining accumulated losses—e. g.,mining 

astes (Adrianto and Pfister, 2022; European Commission Joint Re-
arch Centre, 2019), landfills (Lucas et al., 2019; European Com-
ission Joint Research Centre, 2019), or past CO2 emissions (Desing, 
22)—will depend on historical evolution of waste composition and 
ncentration. In the best case it may be lower than for current primary 
oduction, as some legacy tailings are expected to have higher concen-
ations than currently mined deposits, but generally it can be expected 
 be higher. Proper management of landfills and mining wastes is in-
itable for reducing ecological risks (Nicholls et al., 2021), and regain 
nd area (Winterstetter et al., 2018). Compared to “increase”, access, 
ch as through roads or to permits, may be easier. Remining land-
ls and mining wastes can have environmental benefits (as opposed 
 impacts from new primary mining), such as reducing methane emis-
ons, landfill volumes and risks of leaching hazardous substances (Yi, 
19; Lopez et al., 2018; Beylot et al., 2022), yet it may also cause 
gnificant environmental impacts and the quality of recovered metals 
ay be lower (Lucas et al., 2019). Similarly, CO2 concentration in the 
mosphere must be reduced to stabilize the climate and avoid trig-
ring tipping cascades (Steffen et al., 2015; Wunderling et al., 2022; 
rmstrong McKay et al., 2022). Spending extra energy for transform-
5

g CO2 into useful materials substituting traditional materials may be w
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neficial overall (Desing, 2022; Mertens et al., 2023; Galimova et al., 
22). Remining can also be performed on current waste streams, such 
 extracting materials—e. g.,Mg or Li—from desalination brines (Lun-
ev et al., 2022).
Because of the efforts for and consequences of resource extrac-
n and processing—i. e., energy demand and impacts on planetary 
undaries—, it may be most sensible to prioritize the redesign of 
 components with materials for which production is easier to scale 
. For example, building 19TW of PV panels with current technol-
y, societal stocks of Al—used in PV for module frames—would need 
 more than double (just for module frames, mounting systems and 
id integration not included; see SM). Even though Al resources would 
 available and accessible (USGS, 2021), mobilizing them would be 
tremendous effort (Lennon et al., 2022). It would require as much 
ergy humanity needed over eight months in 2019 just to mobilise 
ough Al (see SM) and cause environmental impacts correspondingly. 
is could be avoided by re-designing PV systems to avoid the use of Al: 
r example by designing frame-less modules (Müller et al., 2021), semi-
xible cells using existing structures for support (Holzhey et al., 2023), 
placing Al with steel, or perhaps carbon-fibre reinforced plastics syn-
esised from atmospheric CO2 (Lopez et al., 2023; Huo et al., 2023). 
design can encompass the strategies of material efficiency (Allwood 
 al., 2010)—such as simply using less material (thinner wavers and 
wing wires for PV cell production (Haegel et al., 2023; Goldschmidt 
 al., 2021)), or component reuse (applying solar layers on existing 
ructures (Holzhey et al., 2023))—and substitution with materials that 
e easier to mobilize. For example, Lithium-Iron-Phosphate (LFP) bat-
ries are gaining momentum and starting to replace current Nickel-
anganese-Cobalt (NMC) chemistries in less demanding applications 
EA, 2023), which substitute Co and Ni with the more abundant and 
sier to mine Fe and P. Yet such a substitution can lead to problem-
ifting, as for example P is essential in food production (Lunde, 2022). 
r even Na-ion batteries, which avoid the use of Li (Peters et al., 
21; Vaalma et al., 2018). New technological developments can help 
aterial mobilization by constantly improving material efficiency and 
oviding substitution options. However, scaling such new technologies 
mains uncertain. Transition modelling may thus not rely entirely on 
t-to-be-proven technologies.
Recycling of RE infrastructure can help maintain stocks but cannot 
ntribute materials during the transformation. Yet once RE infrastruc-
re is built, increasing lifetime and recyclability will be essential for 
eserving it throughout subsequent replacement cycles. Frequent sub-
itutions, however, may reduce the recycling potential, as materials 
ntained in older stocks may no longer be in demand in new genera-
n technologies. Design considerations therefore have to focus on both 
inimizing the efforts for material mobilization during the transfor-
ation as well as losses during replacement cycles (e. g., for PV panels 
RENA and IEA, 2016), wind turbines (Mishnaevsky, 2021) or batteries 
eumann et al., 2022)).

 Research directions

To plan fast energy transition pathways, it is important to better un-
rstand the effects of mobilizing materials on the overall dynamics of 
e transition. The scale and type of material mobilization can affect the 
namics in multiple ways that are poorly understood. Consequently, 
search will have to be conducted in the following directions.

proving modelling of transition pathways based on biophysical principles
ue to the fundamental role of materials for the transition and the ef-
rts associated to mobilize them, transition modelling will have to be 
sed on the feedback loop between energy and materials. Time delays 
r building critical infrastructures—mines, processing facilities, pro-
ction plants—, gathering knowledge, and building up skills, as well as 
e efforts for mobilizing materials will shape transition pathways. This 

ill require to rethink current modelling approaches: energy demand 
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ill not be an exogenous parameter, but a dynamic variable consisting 
 the energy required for material mobilization and the desired de-
and from the remaining societal metabolism (Desing et al., 2022). As 
ergy supply is constrained by the installed capacity, which is dynam-
ally constrained by mobilized materials and absolutely constrained 
 the maximum accessible materials as well as biophysical limits, 
can then happen that supply does not meet demand. The energy 
ailable for mobilization changes over the course of the transition, 
aking energy and materials inherently interlinked. And there are un-
oidable time delays for gathering knowledge, and building extraction 
d processing facilities. It is important to investigate the dependence 
 energy demand on material flows and the feedback into energy-
nstrained transition pathways. It will be necessary to develop suit-
le modelling approaches out of a multitude of possibilities combin-
g insights from technological models—such as process simulations—, 
pply chain models—such as (prospective) life cycle assessment or (dy-
mic) material flow analysis—, energy system models, and transition 
odels—e. g., based on system dynamics or IAMs. Any such approach 
ill need to ensure that materials and energy balances are fulfilled, 
quiring a new type of integrated models by dynamically integrating 
b-models based on material and energy exchanges instead of mone-
ry flows. Economic and agent-based models may inform on societal 
cisions related to operability and final material and energy demand. 
ture research will show which combination and concrete integration 
 models is best suitable to address the material-energy feedback loop 
 transition modelling. Scenarios on technological developments are 
ucial to understand what may become possible and where research 
orts should concentrate on. However, transition planning should not 
ly entirely on prospective technologies, as they may come too late 
 fail. Therefore, baseline scenarios should use proven technologies 
ith and without (most precautionary) continuous improvements. This 
 because technological learning (Goldschmidt et al., 2021), although 
served in the past, may not materialize in the future, especially when 
mping production extremely fast (Desing and Widmer, 2022; Graf-
röm and Poudineh, 2021). Price developments will be a result of such 
odelling, as both supply and demand for raw materials and RE system 
mponents may change widely during the transition.

nderstanding material mobilization dynamics and identifying bio-physically 
itical materials Materials represent potential bottlenecks to the tran-
tion not only due to their limited availability and accessibility, but 
so due to energy demand and environmental impacts during extrac-
n and processing (processability). As knowledge about quantities 
d quality of source stocks is scattered and incomplete, efforts need 
 be taken to map the available and accessible material stocks. The 
ergy needed for mobilizing one unit of material changes as a func-
n of flow and the state of depletion and quality in the source stock, 
t these relationships have to be still better understood. Models have 
 be developed that estimate time delays and correlate the efforts for 
traction and processing to few key parameters, such as concentra-
n, chemical state, and remoteness. Different mobilization routes may 
ow synergistic effects or be in competition with each other and the 
st of the economy. For example, early retirement and repurposing 
 fossil infrastructure may decrease the production of transition met-
s as by-products of fossil fuels. One example is synthetic graphite 
ed e. g., in Li-ion batteries, which is today made from needle coke, a 
-product of petroleum refining. Additionally, dynamic environmen-
l impacts on planetary boundaries will constrain the maximum level 
 material mobilization. When designing rapid transition pathways, it 
ill be important to investigate effects on biodiversity, nutrient cycles, 
ater demand, etc. Knowledge regarding the bio-physical potential for 
obilizing materials and their effect on the energy transition as well 
 planetary boundaries can inform about which parts of the future RE 
frastructure should be redesigned, where technological developments 
6

d societal decisions need priority. co
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aterial substitution and dematerialization Once bio-physically critical 
aterials are identified, the question arises: how well can they be sub-
ituted by other materials and where are limits imposed by material 
ysics? One example is substituting Ag in PV (Zhang et al., 2021; Pi-
o et al., 2019), another one is replacing Li in batteries (McNeil, 2022). 
may be beneficial to research the possibilities to substitute with more 
undant elements, such as H, C, N, O, Fe, Si, or Al (“elements of hope” 
iederen, 2010; Desing and Blum, 2023)), while improving the un-
rstanding of impacts on energy demand and planetary boundaries. 
nother research line could be to incorporate and immobilize (manda-
ry) abandoned elements—e. g., Hg (United Nations Environment Pro-
amme, 2019), Pb, Cd, atmospheric C—in long lasting infrastructure. 
g., Pb could be immobilized in perovskite PV (Lee et al., 2023), or 
cess atmospheric carbon (Desing, 2022) in plastics used in PV or 
aphite for battery electrodes. The effects of substituting, diverting 
d increasing material flows on the socio-economic metabolism are 
mplex and need to be better understood (van der Voet et al., 2017), 
pecially in the light of a rapid “emergency” transformation. Addi-
nally, dematerialising RE technologies by design and in line with 
ailability, accessibility and processability of materials can help speed-
g up the transition by minimizing energy and material demand, as 
ell as easing subsequent replacement cycles.

ew extraction and processing technologies Accessing, extracting and 
ocessing source stocks may require, or be eased by, new or improved 
chnologies. For example, the majority of known mineral resources re-
ted to transition metals is located below the land of indigenous and 
storal peoples (Owen et al., 2022). Extracting them in the traditional 
ay will cause environmental and social impacts, even if they have 
societal licence to operate. Perhaps it might be possible to invent 
inimally-invasive” mining technologies (in analogy to minimally in-
sive surgery) (Lopes et al., 2020); however, so far the only possibility 
 reduce the problem is to limit the amounts extracted, and focusing 
 areas where damage to the ecosystem is lower. Also, remining tail-
gs, landfills and past emissions may benefit greatly by new extraction 
d processing technologies. As many transition metals are currently 
ined and processed as by-products, novel extraction routes may need 
 be developed. Additionally, mining and processing is today heavily 
liant on fossil fuels, making it necessary to develop new de-fossilized 
traction and production routes. All new extraction technologies will 
ed to be assessed for their environmental and social impacts, e. g., by 
ing life cycle assessments.

abling legislation, business models, governance and social acceptance
l mobilization strategies will require changes in legislation, business 
odels and social acceptance—be it for opening new mines, repur-
sing in-use stocks, or prolonging materials’ residence time in the 
onomy. Acceptance can be influenced by the design of these strate-
es, which opens a new field of research: How can the design foster 
cial acceptance and maximise social benefits, thus enabling imple-
entation? Are there socially preferable strategies at different stages of 
e transformation? Mobilizing materials shall not come at the cost of 
cal communities, which will require to envision national and transna-
nal governance strategies for avoiding negative side effects and for 
arning from the disadvantages of the green revolution (Gloaguen et 
., 2022). Furthermore, it is essential to devise political and economic 
rategies for implementation able to transcend social resistance and 
ncerns of “societal security” aiming at maintaining the status quo 
cLaren and Corry, 2023).

onitoring and steering the socio-economic metabolism transformation
e RE infrastructure lies at the interface between climate mitigation 
d resource criticality. The knowledge base of the energy-material 
xus is still insufficient to adequately address this challenge. Exist-
g models of the socio-economic metabolism are highly fragmented by 

untries, sectors, and materials and they lack the necessary spatial and 



H.

te
en
st
is
er

4.

pe
m
Cu
re
an
cl
ex
ro
ph
ri
an
en
in
th
tr
Th
tio
m
m

CR

or

D

in
th

D

A

St
co
D
by
Fr

A

at

R

20

Ad

Al

Al

Am

An
An

Ar

Ba

Ba

Be

Be

Ca

Ca

Ca

Ch

Ch

Ci

Ci
Ci
Cl
Cr

Cu

De

De

De

De

De

De

De

De
Desing, R. Widmer, U. Bardi et al.

mporal granularity to capture the complex feedback loops between 
ergy, materials, and environmental impacts. Improving our under-
anding of the energy-material nexus and the role of RE infrastructure 
 fundamental for informing, planning, governing, and monitoring en-
gy transition strategies and ultimately for stabilizing the climate.

 Conclusions

Trends and technologies can change faster (or more slowly) than ex-
cted. For instance: future batteries could be made out of abundant 
aterials (such as Na and S), Ag in solar panels could be replaced by 
, Al, or graphene, circularity could become “trendy” and effective 
cycling could boost companies’ reputation. Prospectively, materials 
d their applications can vary a lot, and simplistic views and con-
usions should be avoided. Be that as it may, the general principles 
pressed in this paper reflect the natural laws of our physical envi-
nment and, as such, they are robust. The growth of RE stocks is 
ysically limited by the available, accessible, and processable mate-
als in natural (lithosphere, atmosphere, biosphere and hydrosphere) 
d anthropogenic resources (urban mines), as well as limited by the 
ergy required and environmental impacts caused for their processing 
to RE devices. The speed of the transformation is then also limited by 
e willingness of society to invest in harvesting and processing infras-
ucture and operationalize the flows (i. e., the “hand on the valves”). 
e presented framework can help taking the dynamic interconnec-
ns between energy and materials into account in energy transition 
odelling and guide technological developments towards fast material 
obilization.

ediT authorship contribution statement

Conceptualization, H.D.; validation, all; visualization, H.D.; writing–
iginal draft preparation, all; writing–review and editing, all.

eclaration of competing interest

The authors declare that they have no known competing financial 
terests or personal relationships that could have appeared to influence 
e work reported in this paper.

ata availability

No data was used for the research described in the article.

cknowledgements

Financial contributions: H.D. and H.S. were supported by the Swiss 
ate Secretariat for Education, Research and Innovation (SERI) under 
ntract number 22.00166 in the frame of Horizon Europe “CircEUlar: 
eveloping circular pathways for a EU low-carbon transition” co-funded 
 the European Union (project 101056810). D.M. was supported by 
ench research project Scarcyclet (ANR-21-CE03-0012).

ppendix A. Supplementary material

Supplementary material related to this article can be found online 
 https://doi .org /10 .1016 /j .resconrec .2023 .107314.

eferences

00 W Society, 2019. Worum geht es bei der 2000-watt-gesellschaft? https://www .local -
energy .swiss /programme /2000 -watt -gesellschaft #/.
rianto, L.R., Pfister, S., 2022. Prospective environmental assessment of reprocess-
ing and valorization alternatives for sulfidic copper tailings. Resour. Conserv. Re-
cycl. 186. https://doi .org /10 .1016 /j .resconrec .2022 .106567.

lwood, J.M., Cullen, J.M., Milford, R.L., 2010. Options for achieving a 50% cut in 
7

industrial carbon emissions by 2050.
Resources, Conservation & Recycling 200 (2024) 107314

varenga, R.A.F., Préat, N., Duhayon, C., Dewulf, J., 2022. Prospective life cycle assess-
ment of metal commodities obtained from deep-sea polymetallic nodules. J. Clean. 
Prod. 330. https://doi .org /10 .1016 /j .jclepro .2021 .129884.
on, D.J., Levin, L.A., Metaxas, A., Mudd, G.M., Smith, C.R., 2022. Heading to the deep 
end without knowing how to swim: do we need deep-seabed mining? One Earth 5, 
220–223. https://doi .org /10 .1016 /j .oneear .2022 .02 .013.
derson, K., 2019. Wrong tool for the job. Nature 573, 348.
drieu, B., Vidal, O., Le Boulzec, H., Delannoy, L., Verzier, F., 2022. Energy intensity 
of final consumption: the richer, the poorer the efficiency. Environ. Sci. Technol. 56, 
13909–13919. https://doi .org /10 .1021 /acs .est .2c03462.

mstrong McKay, D.I., Staal, A., Abrams, J.F., Winkelmann, R., Sakschewski, B., Loriani, 
S., Fetzer, I., Cornell, S.E., Rockstrom, J., Lenton, T.M., 2022. Exceeding 1.5 degrees C 
global warming could trigger multiple climate tipping points. Science 377, eabn7950. 
https://doi .org /10 .1126 /science .abn7950.

rdi, U., 2010. Extracting minerals from seawater: an energy analysis. Sustainability 2, 
980–992. https://doi .org /10 .3390 /su2040980.

um, H.G., 2018. Eco-efficiency - a measure to determine optimal recycling rates? 
In: Fellner, J., Laner, D., Lederer, J. (Eds.), Science to Support Circular Economy. 
Christian Doppler Laboratory “Anthropogenic Resources”, TU Wien Institute for Wa-
ter Quality and Resource Management. https://iwr .tuwien .ac .at /circular -economy /
home/.

ylot, A., Ardente, F., Sala, S., Zampori, L., 2020. Accounting for the dissipation of 
abiotic resources in lca: status, key challenges and potential way forward. Resour. 
Conserv. Recycl. 157, 104748. https://doi .org /10 .1016 /j .resconrec .2020 .104748.

ylot, A., Bodénan, F., Guezennec, A.G., Muller, S., 2022. LCA as a support to more 
sustainable tailings management: critical review, lessons learnt and potential way 
forward. Resour. Conserv. Recycl. 183, 106347. https://doi .org /10 .1016 /j .resconrec .
2022 .106347.

lvo, G., Mudd, G., Valero, A., Valero, A., 2016. Decreasing ore grades in global metallic 
mining: a theoretical issue or a global reality? Resources 5. https://doi .org /10 .3390 /
resources5040036.

pellán-Pérez, I.n., de Blas, I., Nieto, J., de Castro, C., Miguel, L.J., Carpintero, O., Me-
diavilla, M., Lobejón, L.F., Ferreras-Alonso, N., Rodrigo, P., Frechoso, F., Álvarez 
Antelo, D., 2020. Medeas: a new modeling framework integrating global biophys-
ical and socioeconomic constraints. Energy Environ. Sci. 13, 986–1017. https://
doi .org /10 .1039 /c9ee02627d.

rrara, S., Bobba, S., Blagoeva, D., Alves Dias, P., Cavalli, A., Georgitzikis, K., Grohol, 
M., Itul, A., Kuzov, T., Latunussa, C., Lyons, L., Malano, G., Maury, T., Prior Arce, A., 
Somers, J., Telsnig, T., Veeh, C., Wittmer, D., Black, C., Pennington, D., Christou, M., 
2023. Supply chain analysis and material demand forecast in strategic technologies 
and sectors in the EU - a foresight study. Report. Publications Office of the European 
Union. https://doi .org /10 .2760 /386650.
arpentier Poncelet, A., Helbig, C., Loubet, P., Beylot, A., Muller, S., Villeneuve, J., 
Laratte, B., Thorenz, A., Tuma, A., Sonnemann, G., 2022. Losses and lifetimes of 
metals in the economy. Nat. Sustain. https://doi .org /10 .1038 /s41893 -022 -00895 -8.
ernoburova, O., Chagnes, A., 2021. The future of scandium recovery from wastes. 
https://doi .org /10 .3390 /materproc2021005055.

acci, L., Reck, B.K., Nassar, N.T., Graedel, T.E., 2015. Lost by design. Environ. Sci. 
Technol. 49, 9443–9451. https://doi .org /10 .1021 /es505515z.

rcle Economy, 2020. Circularity gap report. Report. circularity -gap .world.
rcle Economy, 2021. Circularity gap report. Report. circularity -gap .world.
imeworks, 2022. Co2 storage solution. https://climeworks .com /co2 -storage -solutions.
eutzig, F., Ravindranath, N.H., Berndes, G., Bolwig, S., Bright, R., Cherubini, F., Chum, 
H., Corbera, E., Delucchi, M., Faaij, A., Fargione, J., Haberl, H., Heath, G., Lucon, 
O., Plevin, R., Popp, A., Robledo-Abad, C., Rose, S., Smith, P., Stromman, A., Suh, 
S., Masera, O., 2015. Bioenergy and climate change mitigation: an assessment. GCB 
Bioenergy 7, 916–944. https://doi .org /10 .1111 /gcbb .12205.
llen, J.M., 2017. Circular economy: theoretical benchmark or perpetual motion ma-
chine? J. Ind. Ecol. 21, 483–486. https://doi .org /10 .1111 /jiec .12599.

sing, H., 2022. Below zero. Environ. Sci., Adv., 612–619. https://doi .org /10 .1039 /
d2va00168c.

sing, H., Blum, N., 2023. On circularity, complexity and (elements of) hope. Circ. 
Econ. 1. https://doi .org /10 .55845 /WNHN7338.

sing, H., Braun, G., Hischier, R., 2020a. Ecological resource availability: a method to 
estimate resource budgets for a sustainable economy. Glob. Sustain. 3, 1–11. https://
doi .org /10 .1017 /sus .2020 .26.

sing, H., Braun, G., Hischier, R., 2021. Resource pressure – a circular design method. 
Resour. Conserv. Recycl. 164. https://doi .org /10 .1016 /j .resconrec .2020 .105179.

sing, H., Brunner, D., Takacs, F., Nahrath, S., Frankenberger, K., Hischier, R., 2020b. 
A circular economy within the planetary boundaries: towards a resource-based, sys-
temic approach. Resour. Conserv. Recycl. 155. https://doi .org /10 .1016 /j .resconrec .
2019 .104673.

sing, H., Gerber, A., Hischier, R., Wäger, P., Widmer, R., 2022. The 3-machines energy 
transition model: exploring the energy frontiers for restoring a habitable climate. 
Earth’s Future 10, 1–15. https://doi .org /10 .1029 /2022ef002875.

sing, H., Widmer, R., 2021. Reducing climate risks with fast and complete energy tran-
sitions: applying the precautionary principle to the Paris agreement. Environ. Res. 
Lett. 16, 121002. https://doi .org /10 .1088 /1748 -9326 /ac36f9.

sing, H., Widmer, R., 2022. How much energy storage can we afford? On the need for a 
sunflower society, aligning demand with renewable supply. Biophys. Econ. Sustain. 7, 

3. https://doi .org /10 .1007 /s41247 -022 -00097 -y.

https://doi.org/10.1016/j.resconrec.2023.107314
https://www.local-energy.swiss/programme/2000-watt-gesellschaft#/
https://www.local-energy.swiss/programme/2000-watt-gesellschaft#/
https://doi.org/10.1016/j.resconrec.2022.106567
http://refhub.elsevier.com/S0921-3449(23)00448-2/bibAB4CF961F392DC7C100B035FA6E22D4As1
http://refhub.elsevier.com/S0921-3449(23)00448-2/bibAB4CF961F392DC7C100B035FA6E22D4As1
https://doi.org/10.1016/j.jclepro.2021.129884
https://doi.org/10.1016/j.oneear.2022.02.013
http://refhub.elsevier.com/S0921-3449(23)00448-2/bib8AFDC080A4782A93E89F797E847B13ADs1
https://doi.org/10.1021/acs.est.2c03462
https://doi.org/10.1126/science.abn7950
https://doi.org/10.3390/su2040980
https://iwr.tuwien.ac.at/circular-economy/home/
https://iwr.tuwien.ac.at/circular-economy/home/
https://doi.org/10.1016/j.resconrec.2020.104748
https://doi.org/10.1016/j.resconrec.2022.106347
https://doi.org/10.1016/j.resconrec.2022.106347
https://doi.org/10.3390/resources5040036
https://doi.org/10.3390/resources5040036
https://doi.org/10.1039/c9ee02627d
https://doi.org/10.1039/c9ee02627d
https://doi.org/10.2760/386650
https://doi.org/10.1038/s41893-022-00895-8
https://doi.org/10.3390/materproc2021005055
https://doi.org/10.1021/es505515z
https://circularity-gap.world
https://circularity-gap.world
https://climeworks.com/co2-storage-solutions
https://doi.org/10.1111/gcbb.12205
https://doi.org/10.1111/jiec.12599
https://doi.org/10.1039/d2va00168c
https://doi.org/10.1039/d2va00168c
https://doi.org/10.55845/WNHN7338
https://doi.org/10.1017/sus.2020.26
https://doi.org/10.1017/sus.2020.26
https://doi.org/10.1016/j.resconrec.2020.105179
https://doi.org/10.1016/j.resconrec.2019.104673
https://doi.org/10.1016/j.resconrec.2019.104673
https://doi.org/10.1029/2022ef002875
https://doi.org/10.1088/1748-9326/ac36f9
https://doi.org/10.1007/s41247-022-00097-y


H.

De

De

Di

El

En

Eu

Fr

Fr

Fu

Ga

Ga

Ga

Ge

Gl

Go

Gr

Gr

Gr

Ha

Ha

Ha

Ha

He

He

Ho

Hu

IE

IE

In

IP

IP

IP
IP

IR

IR

IR

Ka

Ke

Ke

de

Ko

Kr

Kr

Ku

Le

Le

Le

Le

Le

Le

Lo
Desing, R. Widmer, U. Bardi et al.

sing, H., Widmer, R., Beloin-Saint-Pierre, D., Hischier, R., Wäger, P., 2019. Powering a 
sustainable and circular economy—an engineering approach to estimating renewable 
energy potentials within earth system boundaries. Energies 12, 1–18. https://doi .org /
10 .3390 /en12244723.

wulf, J., Hellweg, S., Pfister, S., León, M.F.G., Sonderegger, T., de Matos, C.T., Blengini, 
G.A., Mathieux, F., 2021. Towards sustainable resource management: identification 
and quantification of human actions that compromise the accessibility of metal re-
sources. Resour. Conserv. Recycl. 167, 105403. https://doi .org /10 .1016 /j .resconrec .
2021 .105403.

ederen, A., 2010. Global Resource Depletion, Managed Austerity and the Elements of 
Hope. Eburon, Delft.

hacham, E., Ben-Uri, L., Grozovski, J., Bar-On, Y.M., Milo, R., 2020. Global human-
made mass exceeds all living biomass. Nature 588, 442–444. https://doi .org /10 .
1038 /s41586 -020 -3010 -5.

ergy Transitions Commission, 2023. Material and Resource Requirements for the 
Energy Transition. Report. ETC. https://www .energy -transitions .org /publications /
material -and -resource -energy -transition /#download -form.

ropean Commission Joint Research Centre, 2019. Recovery of critical and other raw 
materials from mining waste and landfills: state of play on existing practices. Publi-
cations Office, p. 5. https://doi .org /10 .2760 /600775.

enzel, M., Kullik, J., Reuter, M.A., Gutzmer, J., 2017. Raw material ‘criticality’—
sense or nonsense? J. Phys. D, Appl. Phys. 50. https://doi .org /10 .1088 /1361 -6463 /
aa5b64.

ischknecht, R., Stolz, P., Krebs, L., de Wild-Scholten, M., Sinha, P., Fthenakis, V., Kim, 
H.C., Raugei, M., Stucki, M., 2020. Life Cycle Inventories and Life Cycle Assessment 
of Photovoltaic Systems. Report. International Energy Agency (IEA) PVPS Task 12. 
https://iea -pvps .org /wp -content /uploads /2020 /12 /IEA -PVPS -LCI -report -2020 .pdf.

, Q., Jen, A.K.Y., 2023. Perovskite solar cell developments, what’s next? Next Energy 1. 
https://doi .org /10 .1016 /j .nxener .2023 .100004.
limova, T., Ram, M., Bogdanov, D., Fasihi, M., Khalili, S., Gulagi, A., Karjunen, H., 
Mensah, T.N.O., Breyer, C., 2022. Global demand analysis for carbon dioxide as raw 
material from key industrial sources and direct air capture to produce renewable 
electricity-based fuels and chemicals. J. Clean. Prod. 373. https://doi .org /10 .1016 /j .
jclepro .2022 .133920.
ndhi, S., Sarkar, B., 2016. Geological exploration, pp. 159–198. https://doi .org /10 .
1016 /B978 -0 -12 -805329 -4 .00014 -4.
rside, M., 2022. Average lead times for mineral resources worldwide from discov-
ery to production between 2010 and 2019. Online. https://www .statista .com/
statistics /1297832 /global -average -lead -times -for -mineral -resources -from -discovery-
to -production/.

rten, D., Heck, V., Jägermeyr, J., Bodirsky, B.L., Fetzer, I., Jalava, M., Kummu, M., 
Lucht, W., Rockström, J., Schaphoff, S., Schellnhuber, H.J., 2020. Feeding ten billion 
people is possible within four terrestrial planetary boundaries. Nat. Sustain. https://
doi .org /10 .1038 /s41893 -019 -0465 -1.

oaguen, R., Ali, S.H., Herrington, R., Ajjabou, L., Downey, E., Stewart, I.S., 2022. Min-
eral revolution for the wellbeing economy. Glob. Sustain., 1–11. https://doi .org /10 .
1017 /sus .2022 .13.
ldschmidt, J.C., Wagner, L., Pietzcker, R., Friedrich, L., 2021. Technological learn-
ing for resource efficient terawatt scale photovoltaics. Energy Environ. Sci. 14, 
5147–5160. https://doi .org /10 .1039 /d1ee02497c.

aedel, T.E., Miatto, A., 2022. Alloy profusion, spice metals, and resource loss by design. 
Sustainability 14, 7535. https://doi .org /10 .3390 /su14137535.

afström, G., Poudineh, R., 2021. A critical assessment of learning curves for so-
lar and wind power technologies. Report. Oxford Institute for Energy Studies. 
https://www .oxfordenergy .org /wpcms /wp -content /uploads /2021 /02 /A -critical -
assessment -of -learning -curves -for -solar -and -wind -power -technologies -EL -43 .pdf.

übel, B., Cimiotti, G., Schmiga, C., Schellinger, S., Steinhauser, B., Brand, A.A., Kamp, 
M., Sieber, M., Brunner, D., Fox, S., Kluska, S., 2021. Progress of plated metalliza-
tion for industrial bifacial topcon silicon solar cells. Prog. Photovolt., Res. Appl. 30, 
615–621. https://doi .org /10 .1002 /pip .3528.
berl, H., Erb, K.H., Krausmann, F., Gaube, V., Bondeau, A., Plutzar, C., Gingrich, S., 
Lucht, W., Fischer-Kowalski, M., 2007. Quantifying and mapping the human appro-
priation of net primary production in earth’s terrestrial ecosystems. Proc. Natl. Acad. 
Sci. 104, 12942. http://www .pnas .org /content /104 /31 /12942 .abstract.
che, E., Seck, G.S., Simoen, M., Bonnet, C., Carcanague, S., 2019. Critical raw materi-
als and transportation sector electrification: a detailed bottom-up analysis in world 
transport. Appl. Energy 240, 6–25. https://doi .org /10 .1016 /j .apenergy .2019 .02 .057.
egel, N.M., Verlinden, P., Victoria, M., Altermatt, P., Atwater, H., Barnes, T., Breyer, 
C., Case, C., De Wolf, S., Deline, C., Dharmrin, M., Dimmler, B., Gloeckler, M., Gold-
schmidt, J.C., Hallam, B., Haussener, S., Holder, B., Jaeger, U., Jaeger-Waldau, A., 
Kaizuka, I., Kikusato, H., Kroposki, B., Kurtz, S., Matsubara, K., Nowak, S., Ogimoto, 
K., Peter, C., Peters, I.M., Philipps, S., Powalla, M., Rau, U., Reindl, T., Roumpani, 
M., Sakurai, K., Schorn, C., Schossig, P., Schlatmann, R., Sinton, R., Slaoui, A., 
Smith, B.L., Schneidewind, P., Stanbery, B.J., Topic, M., Tumas, W., Vasi, J., Vet-
ter, M., Weber, E., Weeber, A.W., Weidlich, A., Weiss, D., Bett, A.W., 2023. Photo-
voltaics at multi-terawatt scale: waiting is not an option. Science 380, 39–42. https://
doi .org /10 .1126 /science .adf6957.
gens, N.J., 2020. Economics for the future – beyond the superorganism. Ecol. 
8

Econ. 169. https://doi .org /10 .1016 /j .ecolecon .2019 .106520.
Resources, Conservation & Recycling 200 (2024) 107314

in, J.R., Koschinsky, A., Kuhn, T., 2020. Deep-ocean polymetallic nodules as a resource 
for critical materials. Nat. Rev. Earth Environ. 1, 158–169. https://doi .org /10 .1038 /
s43017 -020 -0027 -0.
nckens, M., Driessen, P., Worrell, E., 2014. Metal scarcity and sustainability, analyzing 
the necessity to reduce the extraction of scarce metals. Resour. Conserv. Recycl. 93, 
1–8. https://doi .org /10 .1016 /j .resconrec .2014 .09 .012.
lzhey, P., Prettl, M., Collavini, S., Chang, N.L., Saliba, M., 2023. Toward commercial-
ization with lightweight, flexible perovskite solar cells for residential photovoltaics. 
Joule 7, 257–271. https://doi .org /10 .1016 /j .joule .2022 .12 .012.
o, J., Wang, Z., Oberschelp, C., Guillén-Gosálbez, G., Hellweg, S., 2023. Net-zero 
transition of the global chemical industry with co2-feedstock by 2050: feasible yet 
challenging. Green Chem. 25, 415–430. https://doi .org /10 .1039 /d2gc03047k.

A, 2021. The Role of Critical Minerals in Clean Energy Transitions. Report. IEA. https://
www .iea .org /reports /the -role -of -critical -minerals -in -clean -energy -transitions.

A, 2023. Critical Minerals Market Review 2023. Report. IEA. https://www .iea .org /
reports /critical -minerals -market -review -2023.

ternational Energy Agency, 2021. World energy outlook 2021. Report. https://
iea .blob .core .windows .net /assets /888004cf -1a38 -4716 -9e0c -3b0e3fdbf609 /
WorldEnergyOutlook2021 .pdf.

BES, 2019. Global assessment report on biodiversity and ecosystem services of the 
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. 
Report. Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services.

CC, 2021. Sixth Assessment Report: Physical Science Basis. Report. IPCC. https://www .
ipcc .ch /report /sixth -assessment -report -working -group -i/.

CC, 2022. Climate Change 2022 - Ipacts, Adaption and Vulerability. Report. IPCC.
CC, 2023. AR6 Synthesis Report: Climate Change 2023. Technical Report. IPCC. https://
www .ipcc .ch /report /ar6 /syr/.

ENA, 2022. World Energy Transitions Outlook: 1.5 Pathway. Report. Interna-
tional Renewable Energy Agency. ISBN 978-92-9260-429-5. https://www .irena .org /
publications /2022 /Mar /World -Energy -Transitions -Outlook -2022.

ENA, IEA, 2016. End-of-Life Management - Solar Photovoltaics panels. Report. IRENA, 
IEA.

P, 2019. Global resources outlook. Report. UNEP. https://www .resourcepanel .org /
reports /global -resources -outlook.

lt, G., Thunshirn, P., Krausmann, F., Haberl, H., 2022. Material requirements of global 
electricity sector pathways to 2050 and associated greenhouse gas emissions. J. Clean. 
Prod. 358. https://doi .org /10 .1016 /j .jclepro .2022 .132014.

iner, D., Gulagi, A., Breyer, C., 2023. Energy demand estimation using a pre-processing 
macro-economic modelling tool for 21st century transition analyses. Energy 272. 
https://doi .org /10 .1016 /j .energy .2023 .127199.

sler, S.E., Wilkinson, B.H., 2008. Earth’s copper resources estimated from tectonic dif-
fusion of porphyry copper deposits. Geology 36. https://doi .org /10 .1130 /g24317a .1.

 Koning, A., Kleijn, R., Huppes, G., Sprecher, B., van Engelen, G., Tukker, A., 2018. 
Metal supply constraints for a low-carbon economy? Resour. Conserv. Recycl. 129, 
202–208. https://doi .org /10 .1016 /j .resconrec .2017 .10 .040.

ppelaar, R.H.E.M., Koppelaar, H., 2016. The ore grade and depth influence on copper 
energy inputs. Biophys. Econ. Resour. Qual. 1. https://doi .org /10 .1007 /s41247 -016 -
0012 -x.

ausmann, F., Erb, K.H., Gingrich, S., Haberl, H., Bondeau, A., Gaube, V., Lauk, C., 
Plutzar, C., Searchinger, T.D., 2013. Global human appropriation of net primary pro-
duction doubled in the 20th century. Proc. Natl. Acad. Sci. USA 110, 10324–10329. 
https://doi .org /10 .1073 /pnas .1211349110.

ausmann, F., Lauk, C., Haas, W., Wiedenhofer, D., 2018. From resource extraction to 
outflows of wastes and emissions: the socioeconomic metabolism of the global econ-
omy, 1900–2015. Glob. Environ. Change 52, 131–140. https://doi .org /10 .1016 /j .
gloenvcha .2018 .07 .003.
llmann, F., Markewitz, P., Stolten, D., Robinius, M., 2021. Combining the worlds of 
energy systems and material flow analysis: a review. Energy Sustain. Soc. 11. https://
doi .org /10 .1186 /s13705 -021 -00289 -2.

 Boulzec, H., Delannoy, L., Andrieu, B., Verzier, F., Vidal, O., Mathy, S., 2022. Dynamic 
modeling of global fossil fuel infrastructure and materials needs: overcoming a lack of 
available data. Appl. Energy 326. https://doi .org /10 .1016 /j .apenergy .2022 .119871.

 Boulzec, H., Mathy, S., Verzier, F., Andrieu, B., Monfort-Climent, D., Vidal, O., 2023. 
Material requirements and impacts of the building sector in the shared socioeconomic 
pathways. J. Clean. Prod. https://doi .org /10 .1016 /j .jclepro .2023 .139117.

bre, E., Stringer, M., Svobodova, K., Owen, J.R., Kemp, D., Cote, C., Arratia-Solar, A., 
Valenta, R.K., 2020. The social and environmental complexities of extracting en-
ergy transition metals. Nat. Commun. 11, 4823. https://doi .org /10 .1038 /s41467 -
020 -18661 -9.

e, K.J., Wei, R., Wang, Y., Zhang, J., Kong, W., Chamoli, S.K., Huang, T., Yu, W., 
ElKabbash, M., Guo, C., 2023. Gigantic suppression of recombination rate in 3d lead-
halide perovskites for enhanced photodetector performance. Nat. Photonics. https://
doi .org /10 .1038 /s41566 -022 -01151 -3.

nnon, A., Lunardi, M., Hallam, B., Dias, P.R., 2022. The aluminium demand risk of ter-
awatt photovoltaics for net zero emissions by 2050. Nat. Sustain. 5, 357–363. https://
doi .org /10 .1038 /s41893 -021 -00838 -9.

vin, L.A., Amon, D.J., Lily, H., 2020. Challenges to the sustainability of deep-seabed 
mining. Nat. Sustain. 3, 784–794. https://doi .org /10 .1038 /s41893 -020 -0558 -x.

pes, L., Bodo, B., Rossi, C., Henley, S., Žibret, G., Kot-Niewiadomska, A., Correia, V., 

2020. Robominers – developing a bio-inspired modular robot-miner for difficult to 

https://doi.org/10.3390/en12244723
https://doi.org/10.3390/en12244723
https://doi.org/10.1016/j.resconrec.2021.105403
https://doi.org/10.1016/j.resconrec.2021.105403
http://refhub.elsevier.com/S0921-3449(23)00448-2/bib175CC9567CCB35EC435FB58A9F4E9FC0s1
http://refhub.elsevier.com/S0921-3449(23)00448-2/bib175CC9567CCB35EC435FB58A9F4E9FC0s1
https://doi.org/10.1038/s41586-020-3010-5
https://doi.org/10.1038/s41586-020-3010-5
https://www.energy-transitions.org/publications/material-and-resource-energy-transition/#download-form
https://www.energy-transitions.org/publications/material-and-resource-energy-transition/#download-form
https://doi.org/10.2760/600775
https://doi.org/10.1088/1361-6463/aa5b64
https://doi.org/10.1088/1361-6463/aa5b64
https://iea-pvps.org/wp-content/uploads/2020/12/IEA-PVPS-LCI-report-2020.pdf
https://doi.org/10.1016/j.nxener.2023.100004
https://doi.org/10.1016/j.jclepro.2022.133920
https://doi.org/10.1016/j.jclepro.2022.133920
https://doi.org/10.1016/B978-0-12-805329-4.00014-4
https://doi.org/10.1016/B978-0-12-805329-4.00014-4
https://www.statista.com/statistics/1297832/global-average-lead-times-for-mineral-resources-from-discovery-to-production/
https://www.statista.com/statistics/1297832/global-average-lead-times-for-mineral-resources-from-discovery-to-production/
https://www.statista.com/statistics/1297832/global-average-lead-times-for-mineral-resources-from-discovery-to-production/
https://doi.org/10.1038/s41893-019-0465-1
https://doi.org/10.1038/s41893-019-0465-1
https://doi.org/10.1017/sus.2022.13
https://doi.org/10.1017/sus.2022.13
https://doi.org/10.1039/d1ee02497c
https://doi.org/10.3390/su14137535
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2021/02/A-critical-assessment-of-learning-curves-for-solar-and-wind-power-technologies-EL-43.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2021/02/A-critical-assessment-of-learning-curves-for-solar-and-wind-power-technologies-EL-43.pdf
https://doi.org/10.1002/pip.3528
http://www.pnas.org/content/104/31/12942.abstract
https://doi.org/10.1016/j.apenergy.2019.02.057
https://doi.org/10.1126/science.adf6957
https://doi.org/10.1126/science.adf6957
https://doi.org/10.1016/j.ecolecon.2019.106520
https://doi.org/10.1038/s43017-020-0027-0
https://doi.org/10.1038/s43017-020-0027-0
https://doi.org/10.1016/j.resconrec.2014.09.012
https://doi.org/10.1016/j.joule.2022.12.012
https://doi.org/10.1039/d2gc03047k
https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
https://www.iea.org/reports/critical-minerals-market-review-2023
https://www.iea.org/reports/critical-minerals-market-review-2023
https://iea.blob.core.windows.net/assets/888004cf-1a38-4716-9e0c-3b0e3fdbf609/WorldEnergyOutlook2021.pdf
https://iea.blob.core.windows.net/assets/888004cf-1a38-4716-9e0c-3b0e3fdbf609/WorldEnergyOutlook2021.pdf
https://iea.blob.core.windows.net/assets/888004cf-1a38-4716-9e0c-3b0e3fdbf609/WorldEnergyOutlook2021.pdf
http://refhub.elsevier.com/S0921-3449(23)00448-2/bib7948E60BB3F1D77362D3F8B19E14DAD0s1
http://refhub.elsevier.com/S0921-3449(23)00448-2/bib7948E60BB3F1D77362D3F8B19E14DAD0s1
http://refhub.elsevier.com/S0921-3449(23)00448-2/bib7948E60BB3F1D77362D3F8B19E14DAD0s1
http://refhub.elsevier.com/S0921-3449(23)00448-2/bib7948E60BB3F1D77362D3F8B19E14DAD0s1
https://www.ipcc.ch/report/sixth-assessment-report-working-group-i/
https://www.ipcc.ch/report/sixth-assessment-report-working-group-i/
http://refhub.elsevier.com/S0921-3449(23)00448-2/bibC2FFC01003D4544240B044BABD407A36s1
https://www.ipcc.ch/report/ar6/syr/
https://www.ipcc.ch/report/ar6/syr/
https://www.irena.org/publications/2022/Mar/World-Energy-Transitions-Outlook-2022
https://www.irena.org/publications/2022/Mar/World-Energy-Transitions-Outlook-2022
http://refhub.elsevier.com/S0921-3449(23)00448-2/bib8A2B39E44320F33DB1041FB0A7BC6A28s1
http://refhub.elsevier.com/S0921-3449(23)00448-2/bib8A2B39E44320F33DB1041FB0A7BC6A28s1
https://www.resourcepanel.org/reports/global-resources-outlook
https://www.resourcepanel.org/reports/global-resources-outlook
https://doi.org/10.1016/j.jclepro.2022.132014
https://doi.org/10.1016/j.energy.2023.127199
https://doi.org/10.1130/g24317a.1
https://doi.org/10.1016/j.resconrec.2017.10.040
https://doi.org/10.1007/s41247-016-0012-x
https://doi.org/10.1007/s41247-016-0012-x
https://doi.org/10.1073/pnas.1211349110
https://doi.org/10.1016/j.gloenvcha.2018.07.003
https://doi.org/10.1016/j.gloenvcha.2018.07.003
https://doi.org/10.1186/s13705-021-00289-2
https://doi.org/10.1186/s13705-021-00289-2
https://doi.org/10.1016/j.apenergy.2022.119871
https://doi.org/10.1016/j.jclepro.2023.139117
https://doi.org/10.1038/s41467-020-18661-9
https://doi.org/10.1038/s41467-020-18661-9
https://doi.org/10.1038/s41566-022-01151-3
https://doi.org/10.1038/s41566-022-01151-3
https://doi.org/10.1038/s41893-021-00838-9
https://doi.org/10.1038/s41893-021-00838-9
https://doi.org/10.1038/s41893-020-0558-x


H.

Lo

Lo

Lo

Lu

Lu

Lu

M

M

M

M

M

M

M

M

M

Ne

Ni

No

O’

Ow

Pa

Pe

Pe

Pi

Re

Ri

Ri

Ša

Sc

Sc

Sc

Sc

Sc

Sc

Sg

Sh

Sh

Sla

St

St

St

Ti

To

To

UB

UN

UN
Desing, R. Widmer, U. Bardi et al.

access mineral deposits. Adv. Geosci. 54, 99–108. https://doi .org /10 .5194 /adgeo -
54 -99 -2020.

pez, C.G., Küppers, B., Clausen, A., Pretz, T., 2018. Landfill mining: a case study regard-
ing sampling, processing and characterization of excavated waste from an Austrian 
Landfill. Detritus 2, 29. https://doi .org /10 .31025 /2611 -4135 /2018 .13664.

pez, G., Keiner, D., Fasihi, M., Koiranen, T., Breyer, C., 2023. From fossil to green 
chemicals: sustainable pathways and new carbon feedstocks for the global chemical 
industry. Energy Environ. Sci. 16, 2879–2909. https://doi .org /10 .1039 /d3ee00478c.

vik, A.N., Modaresi, R., Muller, D.B., 2014. Long-term strategies for increased recy-
cling of automotive aluminum and its alloying elements. Environ. Sci. Technol. 48, 
4257–4265. https://doi .org /10 .1021 /es405604g.

cas, H.I., Garcia Lopez, C., Hernández Parrodi, J.C., Vollprecht, D., Raulf, K., 
Pomberger, R., Pretz, T., Friedrich, B., 2019. Quality assessment of nonferrous met-
als recovered from landfill mining: a case study in Belgium. Detritus 08 (December 
2019). https://doi .org /10 .31025 /2611 -4135 /2019 .13879.

ndaev, V., Solomon, A.A., Caldera, U., Breyer, C., 2022. Material extraction potential of 
desalination brines: a technical and economic evaluation of brines as a possible new 
material source. Miner. Eng. 185. https://doi .org /10 .1016 /j .mineng .2022 .107652.

nde, A.E., 2022. Investigating how the LFP battery demand is shaping the future of 
phosphorus and the role of secondary resources. Thesis. https://ntnuopen .ntnu .no /
ntnu -xmlui /handle /11250 /3023802 ?show =full.

agdalena, R., Valero, A., Palacios, J.L., Valero, A., 2021. Mining energy consumption 
as a function of ore grade decline: the case of lead and zinc. J. Sustain. Min. 20, 
109–121. https://doi .org /10 .46873 /2300 -3960 .1060.

cLaren, D., Corry, O., 2023. “Our way of life is not up for negotiation!”: climate in-
terventions in the shadow of ‘societal security’. Glob. Stud. Q. 3. https://doi .org /10 .
1093 /isagsq /ksad037.

cNeil, B., 2022. The Complex Nature of Lithium Extraction: a dynamic material flow 
analysis to understand supply constraints in the transition to electrified transport. 
Thesis.

ertens, J., Breyer, C., Arning, K., Bardow, A., Belmans, R., Dibenedetto, A., Erkman, 
S., Gripekoven, J., Léonard, G., Nizou, S., Pant, D., Reis-Machado, A.S., Styring, P., 
Vente, J., Webber, M., Sapart, C.J., 2023. Carbon capture and utilization: more than 
hiding co2 for some time. Joule. https://doi .org /10 .1016 /j .joule .2023 .01 .005.

ishnaevsky, L., 2021. Sustainable end-of-life management of wind turbine blades: 
overview of current and coming solutions. Materials 14, 1124. https://doi .org /10 .
3390 /ma14051124.

ooney, C., Ahmed, N., Muyskens, J., 2022. We looked at 1,200 possibilities for the 
planet’s future. These are our best hope. https://www .washingtonpost .com /climate -
environment /interactive /2022 /global -warming -1 -5 -celsius -scenarios/.

oreau, V., Dos Reis, P., Vuille, F., 2019. Enough metals? Resource constraints to 
supply a fully renewable energy system. Resources 8. https://doi .org /10 .3390 /
resources8010029.

üller, A., Friedrich, L., Reichel, C., Herceg, S., Mittag, M., Neuhaus, D.H., 2021. A 
comparative life cycle assessment of silicon pv modules: impact of module design, 
manufacturing location and inventory. Sol. Energy Mater. Sol. Cells 230. https://
doi .org /10 .1016 /j .solmat .2021 .111277.

urphy, D.J., Raugei, M., Carbajales-Dale, M., Rubio Estrada, B., 2022. Energy return 
on investment of major energy carriers: review and harmonization. Sustainability 14. 
https://doi .org /10 .3390 /su14127098.
umann, J., Petranikova, M., Meeus, M., Gamarra, J.D., Younesi, R., Winter, M., Nowak, 
S., 2022. Recycling of lithium-ion batteries—current state of the art, circular econ-
omy, and next generation recycling. Adv. Energy Mater. 12, 2102917. https://
doi .org /10 .1002 /aenm .202102917.

cholls, R.J., Beaven, R.P., Stringfellow, A., Monfort, D., Cozannet, G.L., Wahl, T., 
Gebert, J., Wadey, M., Arns, A., Spencer, K.L., Reinhart, D., Heimovaara, T., Santos, 
V.M., Enriquez, A.R., Cope, S., 2021. Coastal landfills and rising sea levels: a challenge 
for the 21st century. Front. Mar. Sci. 8. https://doi .org /10 .3389 /fmars .2021 .710342.
rthey, S., Mohr, S., Mudd, G.M., Weng, Z., Giurco, D., 2014. Modelling future copper 
ore grade decline based on a detailed assessment of copper resources and mining. 
Resour. Conserv. Recycl. 83, 190–201. https://doi .org /10 .1016 /j .resconrec .2013 .10 .
005.

Brien, M., 2015. Timber consumption and sustainable forest use: assessing the EU’s cur-
rent and expected consumption of global timber in relation to the global capacity for 
sustainable supply. Thesis. https://portal .ub .uni -kassel .de /kup /d /9783737601504.
en, J.R., Kemp, D., Lechner, A.M., Harris, J., Zhang, R., Lèbre, E., 2022. Energy 
transition minerals and their intersection with land-connected peoples. Nat. Sustain. 
https://doi .org /10 .1038 /s41893 -022 -00994 -6.

uliuk, S., Arvesen, A., Stadler, K., Hertwich, E.G., 2017. Industrial ecology in inte-
grated assessment models. Nat. Clim. Change 7, 13–20. https://doi .org /10 .1038 /
nclimate3148.

tavratzi, E., Gunn, G., 2022. Decarbonising the automotive sector: a primary raw ma-
terial perspective on targets and timescales. Miner. Econ. https://doi .org /10 .1007 /
s13563 -022 -00334 -2.

ters, J.F., Baumann, M., Binder, J.R., Weil, M., 2021. On the environmental com-
petitiveness of sodium-ion batteries under a full life cycle perspective – a cell-
chemistry specific modelling approach. Sustain. Energy Fuels 5, 6414–6429. https://
doi .org /10 .1039 /d1se01292d.

ano, S.L., Saltelli, A., van der Sluijs, J.P., 2019. Silver as a constraint for a large-scale 
9

development of solar photovoltaics? Scenario-making to the year 2050 supported 
Resources, Conservation & Recycling 200 (2024) 107314

by expert engagement and global sensitivity analysis. Front. Energy Res. 7. https://
doi .org /10 .3389 /fenrg .2019 .00056.

uter, M., van Schaik, A., Ballester, M., 2018. Limits of the circular economy: fairphone 
modular design pushing the limits. World Metall., Erzmetall 71, 68–79.

chardson, K., Steffen, W., Lucht, W., Bendtsen, J., Cornell, S.E., Donges, J.F., Druke, 
M., Fetzer, I., Bala, G., von Bloh, W., Feulner, G., Fiedler, S., Gerten, D., Gleeson, 
T., Hofmann, M., Huiskamp, W., Kummu, M., Mohan, C., Nogues-Bravo, D., Petri, S., 
Porkka, M., Rahmstorf, S., Schaphoff, S., Thonicke, K., Tobian, A., Virkki, V., Wang-
Erlandsson, L., Weber, L., Rockstrom, J., 2023. Earth beyond six of nine planetary 
boundaries. Sci. Adv. 9, eadh2458. https://doi .org /10 .1126 /sciadv .adh2458.

naldi, L., Rocco, M.V., Colombo, E., 2023. Assessing critical materials demand in global 
energy transition scenarios based on the dynamic extraction and recycling input-
output framework (DYNERIO). Resour. Conserv. Recycl. 191, 106900. https://doi .
org /10 .1016 /j .resconrec .2023 .106900.
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